MicroRNAs (miRs) are increasingly associated with metabolic liver diseases. We have shown that ursodeoxycholic acid, a hydrophilic bile acid, counteracts the miR-34a/sirtuin 1 (SIRT1)/p53 pathway, activated in the liver of nonalcoholic steatohepatitis (NASH) patients. In contrast, hydrophobic bile acids, particularly deoxycholic acid (DCA), activate apoptosis and are increased in NASH. We evaluated whether DCA-induced apoptosis of rat hepatocytes occurs via miR-34a-dependent pathways and whether they connect with c-Jun N-terminal kinase (JNK) induction. DCA enhanced miR-34a/SIRT1/p53 proapoptotic signaling in a dose-and time-dependent manner. In turn, miR-34a inhibition and SIRT1 overexpression significantly rescued targeting of the miR-34a pathway and apoptosis by DCA. In addition, p53 overexpression activated the miR-34a/SIRT1/p53 pathway, further induced by DCA. DCA increased p53 expression as well as p53 transcriptional activation of PUMA and miR-34a itself, providing a functional mechanism for miR-34a activation. JNK1 and c-Jun were shown to be major targets of DCA, upstream of p53, in engaging the miR-34a pathway and apoptosis. Finally, activation of this JNK1/miR-34a proapoptotic circuit was also shown to occur in vivo in the rat liver. These results suggest that the JNK1/p53/miR-34a/SIRT1 pathway may represent an attractive pharmacological target for the development of new drugs to arrest metabolism-and apoptosis-related liver pathologies.
was administered by oral gavage for 5 consecutive days (17) . Body weights were measured each day. On day 5, animals were weighed and liver perfusion was performed under pentobarbital anesthesia. The liver was quickly removed, rinsed in normal saline, flash-frozen in liquid nitrogen, and stored at Ϫ80°C. Plasma was collected and frozen at Ϫ20°C for gas chromatography bile acid analysis (18) . All experiments involving animals were performed by an investigator accredited for directing animal experiments (FELASA level C), in conformity with the Public Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals, incorporated in the Institute for Laboratory Animal Research (ILAR) Guide for Care and Use of Laboratory Animals. Experiments received prior approval from the Portuguese National Authority for Animal Health (DGAV).
Cell culture and treatments. Primary rat hepatocytes were isolated from male rats (100 to 150 g) by collagenase perfusion as previously described (19, 20) . After isolation, hepatocytes were resuspended in complete Williams E medium (Sigma-Aldrich Co., St. Louis, MO) (14) and plated on Primaria tissue culture dishes (BD Biosciences, San Jose, CA) at 5 ϫ 10 4 cells/cm 2 . Cells were maintained at 37°C in a humidified atmosphere of 5% CO 2 for 6 h, to allow attachment. Plates were then washed with medium to remove dead cells and incubated in complete Williams E medium treated with 10 to 400 M DCA (Sigma-Aldrich Co.) or no addition (control) for 24 h before processing for total protein, RNA extraction, and cell viability. Alternatively, primary rat hepatocytes were treated with 100 M DCA or no addition (control) for 16, 28, 40, 52 , and 64 h before processing for total protein and RNA extractions, cell viability and caspase activity assays, and Hoechst staining. When indicated, cells were coincubated with 50 M pan-caspase-inhibitor Z-VAD-fmk (Sigma-Aldrich Co.) for 30 min before DCA incubation.
To assess the transfection efficiency of primary rat hepatocytes, cells were transfected with the pRNAT-H1.1/neo plasmid, expressing a green fluorescent protein (GFP) (GeneScript, Piscataway, NJ), or with a Dy547-labeled miRIDIAN microRNA mimic transfection control (Thermo Fisher Scientific, Inc., Waltham, MA) using Lipofectamine (Life Technologies Corp., Carlsbad, CA) (21) . Transfection efficiencies for plasmid DNA were typically around 50% while, for miRNAs, values ranged between 80 and 90%.
For functional analyses, primary rat hepatocytes were transfected at the moment of plating with 100 pM specific miR-34a precursor (pre-miR34a; Life Technologies Corp.), or with a pre-miR negative control using Lipofectamine (Life Technologies Corp.). Alternatively, miR-34a silencing was performed by transfecting primary rat hepatocytes with 100 pM miR-34a-specific inhibitor (anti-miRNA-34a; Life Technologies Corp.) or with an anti-miRNA negative control. After 6 h, cells were incubated with 100 M DCA or no addition (control). Hepatocytes were harvested at 40 h posttransfection and processed for RNA and total protein extraction, cell viability and caspase activity assays, and Hoechst staining.
To assess miR-34a-dependent SIRT1 inhibition, a reporter plasmid driven by the pMIR-REPORT and harboring either a wild-type (Luc-SIRT1 Wt 3= untranslated region [UTR]) or mutated (Luc-SIRT1 Mut 3= UTR) miR-34a target sequence within the 3= UTR of SIRT1 was used (plasmid 20379 or 20380, respectively; Addgene, Cambridge, MA) (8) . Upon plating, primary rat hepatocytes were cotransfected with 500 ng of either construct, together with 100 pM pre-miR-34a or anti-miR-34a, or respective controls, using Lipofectamine.
To assess if DCA interacts with the SIRT1 promoter, a pGL3 reporter plasmid harboring the SIRT1 promoter luciferase reporter gene was used (22) . At the time of plating, primary rat hepatocytes were cotransfected with 500 ng of the luciferase reporter construct or with a control reporter using Lipofectamine.
To analyze whether DCA interacts with the miR-34a promoter via p53, pGL4 vectors harboring the putative promoter regions of human miR-34a containing either wild-type (Luc miR-34a Wt p53) or mutant (Luc miR-34a Mut p53) p53 binding sites were used (23) . In addition, p53 was overexpressed using a pCMV-Neo-Bam vector encoding wild-type human p53 (pCMV p53 Wt) or an empty vector (pCMV-Neo-Bam) (plasmids 16440 and 16434, respectively; Addgene) (24) .
At the time of plating, primary rat hepatocytes were cotransfected with 500 ng of the luciferase reporter constructs and 2 g of the p53 expression vector using Lipofectamine. Cells were incubated with 100 M DCA or no addition (control) 6 h after transfections. Reporter assays were performed 48 h posttransfection using the dual-luciferase reporter assay system (Promega Corp., Madison, WI) according to the manufacturer's instructions. Cells were also cotransfected with pRL-SV40 (Promega Corp.). Renilla luciferase activity was used as a transfection normalization control for all experiments involving luciferase reporter constructs.
To confirm JNK interaction with the miR-34a/SIRT1/p53 proapoptotic pathway, primary rat hepatocytes were transfected with 2 specific short interference RNA (siRNA) nucleotides (si-JNK1 and si-JNK2) designed to knock down jnk gene expression of each isoform of JNK (JNK1 and JNK2) in rats, purchased from Dharmacon (Waltham, MA) (25) . A control siRNA containing a scrambled sequence that does not lead to the specific degradation of any known cellular mRNA was used as a control. For c-Jun silencing experiments, a specific Silencer Select predesigned siRNA was purchased from Life Technologies Corp., along with a Silencer negative-control siRNA. siRNA transfection efficiencies were determined by using the Block-iT Alexa Fluor red fluorescent control (Life Technologies Corp.) as a positive control. Transfection efficiencies in primary rat hepatocytes were typically between 60 and 70%, in agreement with previous results (7) . Furthermore, the degree of siRNA effectiveness was not significantly different between JNK1 and JNK2 siRNAs, including in cotransfection experiments with luciferase constructs. Primary rat hepatocytes were transfected with siRNA at the final concentration of 125 pM using Lipofectamine. Cells were incubated with 100 M DCA or no addition (control) 6 h after transfections. Hepatocytes were harvested at 24 h posttransfection and processed for RNA and total protein extraction and cell viability and caspase activity assays. To confirm whether DCA interacts with JNK to regulate the miR-34a/SIRT1/p53 proapoptotic pathway, the p53 binding site miR-34a promoter Luc miR-34a Wt p53 or Luc miR-34a Mut p53 was used (23) . Moreover, in parallel experiments, miR-34a target sequence within the 3= UTR of SIRT1 was used (Luc-SIRT1 Wt 3= UTR or Luc-SIRT1 Mut 3= UTR) (plasmid 20379 or 20380, respectively; Addgene) (8) . Upon plating, primary rat hepatocytes were cotransfected with 500 ng of either construct together with 125 pM JNK siRNAs purchased from Dharmacon (Waltham, MA) or respective controls, using Lipofectamine.
To confirm the effects of JNK silencing in the miR-34a/SIRT1/p53 pathway, primary rat hepatocytes were transfected with either the binding domain of JNK-interacting protein 1 (JIP-1) (pCMV-Flag-JBD [JIP-1]) (26) or dominant negative DN-c-Jun Flag⌬169 plasmid (27) , using Lipofectamine. Cells were incubated with 100 M DCA or no addition (control) 6 h after transfections. Hepatocytes were harvested at 24 h posttransfection and processed for RNA, cell viability, and caspase activity assays. p53 activation was assessed based on natural reporter genes. We used pBV-Luc vector harboring the PUMA (PUMA Frag1-Luc or PUMA-Luc) promoter containing p53-responsive elements (plasmid 16451; Addgene). The pBV-Luc construct was used as a control (plasmid 16539; Addgene). At the time of plating, primary rat hepatocytes were cotransfected with 500 ng of the luciferase reporter constructs, using Lipofectamine.
Quantitative RT-PCR. RNA was extracted from cell samples using the TRIzol reagent according to the manufacturer's instructions (Life Technologies Corp.). Real-time reverse transcription-PCR (RT-PCR) was performed in an Applied Biosystems 7300 system (Life Technologies Corp.) to quantitate the expression of miR-34a, miR-195, miR-200a, miR-122, miR-143, miR-145, and sirt1. U87 snRNA was used as the normalization control for miRNAs. The relative amounts of miRNAs were determined by the threshold cycle (2 Ϫ⌬⌬CT ) method, where ⌬⌬C T ϭ (C Ttarget Ϫ C TU87 ) sample Ϫ (C Ttarget Ϫ C TU87 ) calibrator. To assess SIRT1 and ␤-actin mRNA levels, the following primer sequences were used: for the SIRT1 gene, 5= AGG GAA CCT CTG CCT CAT CTA C 3= (forward) and 5= GGC ATA CTC GCC ACC TAA CCT 3= (reverse), and for the ␤-actin gene, 5= AGG CCC CTC TGA ACC CTA AG 3= (forward) and 5= GGA GCG CGT AAC CCT CAT AG 3= (reverse). Three independent reactions for each primer set were assessed in a total volume of 25 l containing 2ϫ Power SYBR green PCR master mix and 0.5 M (each) primer. The relative amounts of SIRT1 mRNA were determined by the 2 Ϫ⌬⌬CT method, where
Northern blot analysis. Northern blot experiments were performed as described in reference 28. Briefly, 20 g of total RNA was loaded onto a 15% SequaGel (National Diagnostics, Atlanta, GA), electrophoresed, and transferred to nylon membranes at 15 V for 60 min using a Trans-Blot SD semidry transfer system (Bio-Rad Laboratories, Hercules, CA). Membranes were cross-linked to RNA at 60°C for 2 h using freshly prepared cross-linking reagent (28) . Locked nucleic acid (LNA)-modified oligonucleotides for each miRNA were purchased from Exiqon (Exiqon A/S, Vedbaek, Denmark) and labeled with digoxigenin (DIG), using an end tailing kit (Roche Applied Science, Indianapolis, IN). Sequences of the oligonucleotide probes were ACAACCAGCTAAGACACTGCCA (miR-34a), GA GCTACAGTGCTTCATCTCA (miR-143), AGGGATTCCTGGGAAAA CTGGAC (miR-145), GCCAATATTTCTGTGCTGCTA (miR-195), and ACATCGTTACCAGACAGTGTTA (miR-200a). After hybridization (ULTRAhyb; Life Technologies Corp.), membranes were washed with different-stringency buffer solutions and incubated in blocking buffer (DIG Wash and Block buffer set; Roche Applied Science) for 3 h at room temperature before incubation with a DIG antibody at room temperature for 30 min. Membranes were then washed in DIG washing buffer and incubated in substrate solution (CSPD; Roche Applied Science) before photoemissions were detected in a ChemiDoc-MP imaging system (BioRad Laboratories). Blots were normalized to total RNA input.
Immunoblotting. Seventy-five micrograms of total protein extracts was separated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Following electrophoretic transfer onto nitrocellulose membranes and blocking with 5% milk solution, blots were incubated overnight at 4°C with primary rabbit polyclonal antibodies against Ac-p53, Ac-H3 histone, and H3 histone (Cell Signaling Technology, Danvers, MA), primary goat polyclonal antibody against JNK2 and p21 (Santa Cruz Biotechnology, Santa Cruz, CA), or primary mouse monoclonal antibodies reactive to SIRT1 (Abcam PLC, Cambridge, United Kingdom); JNK, pJNK, Bax, c-Jun, and JNK1 (Santa Cruz Biotechnology); and p53 (Cell Signaling Technology) and finally with secondary antibodies conjugated with horseradish peroxidase (Bio-Rad Laboratories) for 3 h at room temperature. Membranes were processed for protein detection using Super Signal substrate (Pierce, Rockford, IL). ␤-Actin was used as a loading control. Protein concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad Laboratories) according to the manufacturer's specifications.
Immunocytochemistry and immunohistochemistry. Immunocytochemistry was performed to detect SIRT1 localization in primary rat hepatocytes with overexpression of miR-34a incubated with 100 M DCA or no addition (control). Cells were washed twice, fixed with paraformaldehyde (4%, wt/vol) in phosphate-buffered saline (PBS), and then blocked for 1 h at room temperature in PBS, containing 0.1% Triton X-100, 1% fetal bovine serum (FBS), and 10% normal donkey serum (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Cells were incubated with primary mouse monoclonal antibody reactive to SIRT1 (Abcam PLC) at a dilution of 0.5 g/ml overnight at 4°C. After being washed twice, secondary DyLight 568-conjugated anti-mouse antibody (Jackson ImmunoResearch Laboratories, Inc.) was diluted 1:200 and added to cells for 2 h at room temperature. Immunohistochemistry was performed to detect active caspase-3 in liver sections from rats administered DCA or water (controls). A 4-m liver section was incubated with a primary rabbit polyclonal antibody reactive to active caspase-3 (EMD Millipore, Billerica, MA) at a dilution of 0.5 g/ml overnight at 4°C. After two washes, secondary DyLight 594-conjugated anti-rabbit antibody (Jackson ImmunoResearch Laboratories, Inc.) was diluted 1:200 and added to the sections overnight at 4°C. For both staining procedures, hepatocyte nuclei were stained with Hoechst 33258 (Sigma-Aldrich Co.) at 50 g/ml in PBS for 6 min at room temperature. Samples were mounted using Fluoromount-G (Beckman Coulter, Inc., Brea, CA). Detection of SIRT1 and active caspase-3 puncta in cells was visualized using an Axioskop fluorescence microscope (Carl Zeiss GmbH, Jena, Germany) with a magnification of ϫ630.
Cell viability, cytotoxicity, and caspase activity measurements. The ApoTox-Glo triplex assay (Promega Corp.) was used according to the manufacturer's protocol. Alternatively, cells were incubated with Caspase-Glo-8 or -9 reagent. Lactate dehydrogenase (LDH) activity and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) metabolism were also assessed as measures of cell death and viability, respectively. Briefly, to assess LDH release, supernatants resulting from a soft centrifugation of the cell culture medium at 250 ϫ g were combined in microplates with lactate (substrate), tetrazolium salt (coloring solution), and NAD (cofactor), previously mixed in equal proportions, according to the manufacturer's instructions (Sigma-Aldrich Corp.). Multiwell plates were protected from light and incubated for 10 min at room temperature. Finally, absorbance was measured at 490 nm, with 690 nm as reference, using a Bio-Rad model 680 microplate reader (Bio-Rad Laboratories). Cell viability was evaluated with the CellTiter96 aqueous nonradioactive cell proliferation assay (Promega), according to the manufacturer's instructions. Absorbance was measured at 490 nm, with 620 nm as reference, using a Bio-Rad model 680 microplate reader (Bio-Rad Laboratories). Hoechst labeling of attached cells was used to detect apoptotic nuclei by morphological analysis, as previously described (14) . Finally, fluorescent transferase-mediated dUTP-digoxigenin nickend labeling (TUNEL) (EMD Millipore) was performed in rat liver sections according to the manufacturer's protocol.
Mitochondrial transmembrane potential and ROS. Primary rat hepatocytes were transfected with anti-miR-34a and incubated with or without DCA before loading with 50 nM 3,3=-dihexyloxacarbocyanine iodide [DiOC6(3); Molecular Probes, Life Technologies Corp.] or 2=,7=-dichlorodihydrofluorescein diacetate (H 2 DCFDA) for 30 min at 37°C for analysis of mitochondrial permeabilization or ROS production, respectively. Cells were then treated with TrypLE (Life Technologies Corp.), harvested, and resuspended in Ca 2ϩ -free and Mg 2ϩ -free PBS with 2% FBS (Life Technologies Corp.). The emission of green fluorescence was analyzed in intact cells by cytometric analysis on the Guava EasyCyte 5HT flow cytometer (EMD Millipore). Data were statistically evaluated using the GuavaSoft software (EMD Millipore).
p53 activity. For assaying p53 activity, the TransAM p53 transcription factor assay kit (Active Motif, Carlsbad, CA) and the p53/MDM2 ImmunoSet assay (Enzo Life Sciences, Farmingdale, NY) were used according to the manufacturer's protocols.
Densitometry and statistical analysis. The relative intensities of protein bands were analyzed using the Quantity One Version 4.6 densitometric analysis program (Bio-Rad Laboratories). Statistical analysis was performed using GraphPad InStat version 3.00 (GraphPad Software, San Diego, CA) for the analysis of variance and Bonferroni's multiple comparison tests. Values of P of Ͻ0.05 were considered significant.
RESULTS
DCA induces the miR-34a/SIRT1/p53 proapoptotic pathway in primary rat hepatocytes. We first analyzed whether DCA could induce apoptosis through the miR-34a signaling pathway in primary rat hepatocytes. As a proof of principle, we started by evaluating the dose-dependent effects of DCA on the miR-34a/ SIRT1/p53 proapoptotic pathway. Primary rat hepatocytes were incubated with 10 to 400 M DCA for 24 h. Our results indicated that hepatocytes incubated with DCA showed a progressive and significant decrease in cell viability from ϳ30% to 60% when in-cubated with 100 M and 400 M DCA, respectively (P Ͻ 0.01) (Fig. 1A) . Conversely, DCA-induced cell death, as measured by LDH release, increased from ϳ45% to more than 2-fold (P Ͻ 0.01) (Fig. 1B) . We next evaluated whether the miR-34a/SIRT1/ p53 pathway was specifically activated by DCA in cultured primary rat hepatocytes. miR-34a induces apoptosis by repressing SIRT1, which then leads to p53 acetylation and activation, with induction of proapoptotic genes (8, 29) . In fact, induction of miR- 34a expression by DCA was also shown to be dose dependent (Fig.  1C ). Concentrations as low as 50 M DCA resulted in slightly induced miR-34a expression. DCA further, and significantly, induced miR-34a expression levels by almost 2.5-fold at 100 M and up to ϳ5-fold at 400 M (P Ͻ 0.01), compared to control.
Importantly, DCA also significantly decreased SIRT1 expression while increasing acetylated p53 levels in a dose-dependent manner for doses higher than 50 M (at least P Ͻ 0.05) (Fig. 1D ). Of note, several other miRNAs have been shown to target SIRT1.
For instance, miR-195 promotes palmitate-induced apoptosis in cardiomyocytes by downregulating SIRT1 (30) . Also, miR-200a has been shown to regulate SIRT1 expression in mammary epithelial cells, regulating epithelial-to-mesenchymal transition-like transformation (31) . Therefore, to confirm the specific regulation of SIRT1 by DCA via miR-34a, we evaluated miR-195 and miR200a expression levels by real-time RT-PCR and Northern blot analyses ( Fig. 2A and B) . In addition, miR-143, -145, and -122 expression analyses also demonstrated a more selective preference of DCA for miR-34a ( Fig. 2C to E). miR-122 is the most abundant liver-specific miRNA and was already shown to play a key role in hepatic function and liver disease pathogenesis (32) (33) (34) . In fact, very recent miR-122 knockout studies have further expanded our view on the critical metabolic, anti-inflammatory, and antitumorigenic functions of miR-122 in the liver (35, 36) . In addition, miR-143 and -145 are upregulated in the liver of genetic and dietary mouse models of obesity (37), and we have previously shown that UDCA modulates miR-143a expression during liver regeneration (20) . All miRNA expression levels were relatively unchanged in the presence of 10 to 300 M DCA. Only in the presence of 400 M DCA, and with the exception of miR-122, did miRNA expression increase, as observed from real-time RT-PCR results and, to a lesser extent, from Northern blot analysis. These results may reflect an unspecific effect of this high, nonphysiological DCA concentration. Further, they suggest that the higher increase seen in the real-time PCR results may not be truly specific and, rather, result from a PCR artifact, common when analyzing small miRNAs. At the end, it cannot be completely excluded that SIRT1 suppression by DCA results from modulation of additional miRNAs for concentrations higher than 300 to 400 M.
All together, these findings suggest that the miR-34a/SIRT1/ p53 pathway is more selectively activated by DCA in primary rat hepatocytes, in a dose-dependent manner. Taking these results into consideration, we mimicked a strong and significant increase in the levels of DCA in vitro, using 100 M DCA for subsequent studies, a value above physiological concentrations (38) . Cells were incubated with 100 M DCA for 16 to 64 h (Fig. 3) . Primary rat hepatocytes displayed a progressive decrease in cell viability from 20%, after 16 h of incubation, to a maximum of ϳ60%, after 40 to 52 h of incubation (P Ͻ 0.01) (Fig. 3A) . This effect was concomitant with a Ͼ60% increase in caspase-3-like activity by DCA up until 52 h of incubation (at least P Ͻ 0.05), as measured by the ApoTox-Glo triplex assay ( Fig. 3B ) and Western blot analysis (data not shown). Coincubation of cells with DCA and pancaspase inhibitor Z-VAD-fmk completely abrogated DCA-induced cytotoxicity (Fig. 4) , evidencing that apoptosis is a major cell death pathway induced by DCA. In fact, DCA also increased caspase-8-and -9-like activities, up until 52 h of incubation (P Ͻ 0.05) (data not shown), implying the engagement of both the death receptor and the mitochondrial pathways of apoptosis (39) . End-stage apoptosis, evaluated using Hoechst staining, confirmed DCA-induced nuclear fragmentation in ϳ30% of cultured hepatocytes throughout the time course (P Ͻ 0.01) (Fig. 3C ). For exposure periods longer than 64 h, DCA-induced cell death shifted more to a necrotic nature, likely reflecting an increase of its toxicity, independently of activation of programmed apoptosis.
miR-34a basal expression levels slightly increased in primary rat hepatocytes with time in culture (P Ͻ 0.05), whereas DCA significantly induced miR-34a expression up until 52 h of incubation (P Ͻ 0.05) ( Fig. 3D and E). Both SIRT1 expression and p53 acetylation, normalized with total p53 levels, reflected miR-34a expression changes in control hepatocytes (Fig. 3F) . Importantly, DCA significantly decreased SIRT1 expression (P Ͻ 0.05), while increasing acetylated p53 levels (P Ͻ 0.05) up until 52 h of incubation. Histone H3 acetylation levels were also evaluated, as an additional target of SIRT1 modulation. In fact, DCA also increased acetylated histone H3 levels but only up until 40 h of incubation, suggesting that p53 acetylation is a major effect of DCA-induced inhibition of SIRT1 expression (data not shown).
Activation of miR-34a is an important event during DCAinduced apoptosis in primary rat hepatocytes. Hydrophilic bile acids, namely, ursodeoxycholic and tauroursodeoxycholic acids, significantly inhibit miR-34a/SIRT1/p53-dependent apoptosis (14) . Therefore, our results suggest that activation of the miR-34a/ SIRT1/p53 proapoptotic pathway is a specific effect of DCA, and not of other bile acids, resulting in apoptosis of primary rat hepatocytes, at least in the early stages.
To clarify this and to determine to what extent miR-34a is essential to DCA-mediated cell death, primary rat hepatocytes were transfected with an miR-34a inhibitor in the presence or absence of DCA. As expected, miR-34a was markedly decreased in anti-miR-34a-transfected cells, compared with anti-miR Control (P Ͻ 0.05) (Fig. 5A) . DCA significantly counteracted miR-34a downregulation (P Ͻ 0.05). In addition, miR-34a inhibition increased SIRT1 protein levels by Ͼ80% (P Ͻ 0.01), with DCA preventing this increase (P Ͻ 0.05) (Fig. 5B, top) . These results were validated in cells cotransfected with a luciferase reporter construct containing the wild-type miR-34a binding site within the SIRT1 3= UTR (Luc-SIRT1 Wt 3= UTR) or a mutated sequence (Luc-SIRT1 Mut 3= UTR), together with anti-miR-34a (Fig. 5B , bottom). p53 acetylation was decreased by almost 30% following miR-34a inhibition (P Ͻ 0.05), an effect completely reversed by DCA (P Ͻ 0.05) (Fig. 5C ). Anti-miR-34a also mediated downregulation of histone H3 and PGC-1␣ acetylation, two additional SIRT1 targets, although to a smaller extent than p53 acetylation. Nevertheless, these effects were also counteracted by DCA (data not shown).
The effects of miR-34a inhibition in modulating cellular viability and apoptosis by DCA were also evaluated. miR-34a inhibition alone slightly decreased apoptosis (Fig. 5D ) and increased cellular viability (Fig. 5E ). More importantly, it significantly impaired the ability of DCA to induce primary rat hepatocyte apoptosis (P Ͻ 0.01) and the decrease of cellular viability (P Ͻ 0.01). Because DCA-induced apoptosis is known to result, at least in part, from disruption of mitochondrial transmembrane potential and increased ROS production (6), we also evaluated the effect of miR-34a inhibition on membrane depolarization (Fig. 5F ) and oxidative stress (Fig. 5G) . Interestingly, both DCA-induced membrane depolarization (P Ͻ 0.01) and ROS production (P Ͻ 0.01) were significantly inhibited in the presence of anti-miR-34a (P Ͻ 0.05 for both). Cell cycle analysis indicated that DCA slightly increased the number of cells in G 1 , with anti-miR-34a alone having little effect on the cell cycle. In the presence of anti-miR-34a, DCA-induced G 1 was reduced, and a small increase in the number of cells in S phase was observed (data not shown).
To clearly establish that DCA specifically modulates the miR34a-dependent proapoptotic pathway, cells were alternatively transfected with an miR-34a precursor, in the presence or absence of DCA. DCA potentiated the effects of miR-34a overexpression (P Ͻ 0.05) (Fig. 6A) , including those on SIRT1 inhibition (P Ͻ 0.05) (Fig. 6B) . Curiously, the magnitudes of the two effects were quite different, probably indicating that the system becomes so saturated with miR-34a levels that its downstream effects are not further modulated in the same proportion as its increased expression. SIRT1 expression and localization were also assessed by immunocytochemistry in parallel with Hoechst staining. SIRT1 expression was strong in control cells, being localized in large punctae in both the cytoplasm and the nucleus (Fig. 6C) . PremiR-34a-and DCA-treated cells displayed a decreased number and intensity of SIRT1 punctae, with lower accumulation of nuclear SIRT1. Curiously, modulation of SIRT1 by DCA appears to be mostly posttranscriptional, as DCA had little effect in cells transfected with a reporter plasmid harboring the SIRT1 promoter (data not shown). In fact, neither miR-34a overexpression nor DCA was able to significantly modulate sirt1 mRNA levels (Fig. 6D) , further indicating that DCA inhibits SIRT1 protein expression via miR-34a. As for p53 acetylation, its levels were increased following miR-34a overexpression (P Ͻ 0.05) and further by DCA (P Ͻ 0.05) (Fig. 6E) .
Finally, miR-34a overexpression significantly decreased cell viability (P Ͻ 0.05) (Fig. 6F, top) while increasing apoptosis (P Ͻ 0.01) (Fig. 6F, bottom) and caspase-3-like activity (P Ͻ 0.01) (Fig.  6G) . miR-34a-overexpressing cells treated with DCA were less viable (P Ͻ 0.01) and had higher levels of caspase-3 activity (P Ͻ 0.01) and apoptosis (P Ͻ 0.01), compared with miR-34a-overexpressing cells alone, further reinforcing the notion that induction of apoptosis by DCA is largely dependent on miR-34a.
Targeting of SIRT1 by DCA via miR-34a plays a key role in its ability to activate p53 and apoptosis. In order to determine to what extent miR-34a-dependent SIRT1 downregulation by DCA is critical for its apoptotic effects, primary rat hepatocytes were incubated with resveratrol in the presence or absence of DCA in order to overexpress SIRT1. Cells incubated with 10 and 50 M resveratrol displayed an ϳ30% (P Ͻ 0.05) and 65% (P Ͻ 0.01) increase in SIRT1 protein levels, respectively (Fig. 7A) . Interestingly, DCA was no longer capable of significantly reducing SIRT1 in the presence of resveratrol (P Ͻ 0.05). Moreover, DCA-induced cell death and caspase-3 activity were also inhibited (data not shown). A word of caution is necessary when analyzing these results, as resveratrol has multiple downstream targets, including PGC-1␣, peroxisome proliferator-activated receptor ␥ (PPAR␥), NF-B, tumor necrosis factor alpha (TNF-␣), SREBP1, CIDEA, FOXO, ROS, and endothelial nitric oxide synthase (eNOS) (40) . Furthermore, one cannot fully exclude the possibility that a high resveratrol concentration has off-target effects, as there is still a lot of controversy on the mechanism and specificity of direct SIRT1 activation by resveratrol. Nevertheless, SIRT1 overexpression by resveratrol also impacted the ability of DCA to acetylate p53 (Fig.  7A) . In fact, DCA-induced p53 acetylation was abrogated in the presence of resveratrol (at least P Ͻ 0.05), indicating that targeting of SIRT1 by DCA mediates p53 activation. It was recently shown that in vivo silencing or genetic deletion of miR-34a reduces cell death and fibrosis following acute myocardial infarction (41) . However, it may not always impair p53-induced cell cycle arrest or apoptosis (42) . Still, we have also shown that ursodeoxycholic acid inhibits miR-34a-dependent apoptosis by reducing p53 transactivation (14) and that DCA-induced apoptosis is associated with p53-dependent mechanisms (7). In addition, SIRT1 also regulates p53-dependent apoptosis through deacetylating and stabilizing p53. Furthermore, p53 induces expression of miR-34a, which suppresses SIRT1, resulting in a positive-feedback loop (8, 29) . Therefore, we next investigated whether SIRT1 overexpression was also affecting miR-34a activation and whether this impacted the ability of DCA to induce miR-34a. SIRT1 overexpression decreased miR-34a expression levels (P Ͻ 0.01) (Fig. 7B) . More importantly, DCA-induced miR-34a was significantly reduced in the presence of resveratrol (P Ͻ 0.01), suggesting that DCA-induced p53 activation may in fact be an important regulatory step in engaging the miR-34a/SIRT1 pathway of apoptosis in primary rat hepatocytes. Again, this appears to be a specific effect, as miR-195 and miR-200a expression was not significantly affected by SIRT1 overexpression in either the presence or the absence of DCA (data not shown).
DCA engages the miR-34a/SIRT1-dependent proapoptotic pathway via p53. Since p53 arose as a likely target of DCA in activating the miR-34a/SIRT1 pathway, we next investigated whether p53-induced miR-34a expression was enhanced by DCA. Primary rat hepatocytes were transfected with a construct overexpressing p53 in the presence or absence of DCA. Both DCA and p53 overexpression led to a 2-fold increase in miR-34a expression (P Ͻ 0.05) (Fig. 8A) . Incubation of p53-overexpressing cells with DCA further increased miR-34a expression by almost 3-fold (P Ͻ 0.05), compared with empty-vector-transfected cells. In agreement, inhibition of SIRT1 by p53 overexpression was potentiated in the presence of DCA (P Ͻ 0.05) (Fig. 8B) . To elucidate whether DCA activation of the miR-34a/SIRT1/p53 proapoptotic pathway was dependent on p53, we first analyzed total p53 levels in cells incubated with DCA with or without p53 overexpression. In control-transfected cells, DCA increased total p53 levels by Ͼ50% (P Ͻ 0.05) (Fig. 8C) and, more strikingly, further increased p53 levels in p53-overexpressing cells (P Ͻ 0.05). We also investigated whether DCA was simultaneously activating p53 at the posttranscriptional level by analyzing p53/MDM2 complex formation. DCA and p53 overexpression alone inhibited complex formation by almost 30% (P Ͻ 0.05) (Fig. 8D) . In addition, both synergistically decreased p53/MDM2 association by ϳ50% (P Ͻ 0.05), compared with control-transfected cells. To assess whether the reduced p53/MDM2 complex formation was related to increased p53 transactivity, we used a p53 transcription factor assay kit. DCA was shown to induce p53 activity, either alone (P Ͻ 0.05) or after p53 overexpression (P Ͻ 0.05) (Fig. 8E, top) . In addition, and attesting to the targeting of the p53/miR-34a/SIRT1 positivefeedback loop by DCA, our results also showed that DCA-induced p53 activity was completely abrogated in cells transfected with anti-miR-34a (P Ͻ 0.01), compared with anti-miR controltreated cells (Fig. 8E, bottom) .
As an additional measure of p53 activation, we next analyzed the ability of DCA to modulate transcriptional activation of p53 target PUMA (Fig. 8F, top) . p53 overexpression or DCA treatment alone increased the promoter activity of PUMA (P Ͻ 0.05) compared with control. Maximum activation was seen in cells overex- able to bind to its DNA consensus recognition sequence, as determined by the TransAM p53 enzyme-linked immunosorbent assay with p53 overexpression (top) and miR-34a inhibition (bottom). (F) p53-dependent PUMA and miR-34a promoter activation. Primary rat hepatocytes were cotransfected with a luciferase construct with the PUMA promoter containing consensus p53 binding sites upstream of the transcription start site (Luc PUMA) (top). Alternatively, cells were cotransfected with a pGL4 reporter vector consisting of a luciferase cDNA fused to the miR-34a promoter containing either wild-type (Wt) or mutant (Mut) p53 binding sequence (bottom). Cells were also cotransfected with a cytomegalovirus-renilla luciferase vector as an internal standard. Results are expressed as mean (Ϯstandard error of the mean) fold change from 5 different experiments. §, P Ͻ 0.05, and *, P Ͻ 0.01, from pCMV-Neo-Bam alone; †, P Ͻ 0.05, from pCMV-Neo-Bam with DCA. pressing p53 and incubated with DCA (P Ͻ 0.05). Finally, to clearly establish that activation of the miR-34a/SIRT1/p53 pathway by DCA is largely dependent on its ability to increase p53 expression and activity, cells were cotransfected with luciferase reporter constructs under the transcriptional control of human miR-34a promoter elements containing either wild-type or mutant p53 binding sites. p53 overexpression increased wild-type miR-34a promoter activity by almost 40% (P Ͻ 0.05) (Fig. 8F,   FIG 9 JNK1 is responsible for DCA-induced p53 activation in primary rat hepatocytes. Cells were treated with 100 M DCA or no addition (control) for 16, 28, 40, 52, and 64 h. Alternatively, cells were transfected with specific short interference RNA (siRNA) nucleotides designed to knock down jnk1 (si-JNK1) or jnk2 (si-JNK2) gene expression and a control siRNA containing a scrambled sequence and treated with 100 M DCA or no addition (control) for 24 h as described in Materials and Methods. (A to C) Immunoblotting of JNK phosphorylation (pJNK) (A), JNK1 and JNK2 (B), and p53 expression (C). Representative immunoblots are shown. Blots were normalized to total JNK (pJNK) or ␤-actin (JNK1, JNK2, and p53). (D) p53/MDM2 binding as determined by the ImmunoSet p53/MDM2 complex-specific immunometric enzyme immunoassay and expressed as fold change relative to control. (E) Levels of nuclear p53 able to bind to its DNA consensus recognition sequence, as determined by the TransAM p53 enzyme-linked immunosorbent assay (top) and p53-dependent PUMA promoter activation (bottom). Primary rat hepatocytes were cotransfected with a luciferase construct with the PUMA promoter containing consensus p53 binding sites upstream of the transcription start site (Luc PUMA). Results were normalized for the cytomegalovirus-renilla luciferase activity. (F) Immunoblotting of BAX and p21. Representative immunoblots are shown. Blots were normalized to ␤-actin. Results are expressed as mean (Ϯstandard error of the mean) fold change from 3 to 7 different experiments. §, P Ͻ 0.05, and *, P Ͻ 0.01, from control or si Control; †, P Ͻ 0.05, and ‡, P Ͻ 0.01, from respective time point control or from si Control with DCA. bottom). Significantly, DCA treatment increased wild-type miR34a promoter activity either alone (P Ͻ 0.05) or in p53-overexpressing cells (P Ͻ 0.05). In addition, DCA also increased apoptosis induced by p53 overexpression (data not shown). Altogether, these results indicate that DCA activates p53 by inducing both its expression and its transcriptional activity, as well as reducing p53/ MDM2 complex formation, resulting in a strong, functional activation of the miR-34a/SIRT1/p53 proapoptotic pathway.
p53/miR-34a/SIRT1-dependent apoptosis by DCA is activated by JNK1. Bile acid-induced apoptosis was already shown to involve JNK1/2 activation (3, 4). In fact, JNK overactivation is one of the most common effector mechanisms of liver injury, including for DCA (43) . In our model, DCA significantly induced JNK1/2 phosphorylation up until 40 h of incubation (P Ͻ 0.05) (Fig. 9A) . Curiously, JNK can also, directly or indirectly, modulate p53 expression and positively influence apoptosis. In fact, JNK signaling may stabilize p53 and enhance its ability to elicit cellular apoptosis by inducing p53 phosphorylation and leading to attenuation of the p53/MDM2 interaction (44, 45) . Finally, we have recently shown that JNK phosphorylation levels increase with nonalcoholic fatty liver disease severity, in parallel with miR-34a expression (14, 46) . Therefore, we next analyzed whether DCAinduced JNK was the mechanistic link responsible for p53/miR34a activation. Primary rat hepatocytes were transfected with small interfering RNAs (siRNAs) targeting either JNK1 or JNK2, as these JNK isoforms appear to have very different and opposite functions in hepatocyte death (47) . Upon silencing, JNK1 levels decreased by ϳ70% (P Ͻ 0.01), while JNK2 levels were inhibited by ϳ65% (P Ͻ 0.01) (Fig. 9B) . Importantly, siJNK1 and siJNK2 had little effect on JNK2 and JNK1 expression, respectively, attesting to their specificity. Further, DCA induced JNK1 expression (P Ͻ 0.05) but had little effect on JNK2 expression levels. JNK1 phosphorylation was also increased by DCA (data not shown). DCA-induced p53 expression (Fig. 9C) but, more significantly, p53/MDM2 dissociation (Fig. 9D) and activation ( Fig. 9E and F) were completely or almost abolished in the absence of JNK1 (P Ͻ 0.05) but much less affected when JNK2 was silenced, suggesting that JNK1 plays a more significant role than does JNK2 in DCAmediated activation of p53. In more detail, a greater effect of si-JNK1 was seen in p53 target genes PUMA (Fig. 9E, bottom) and BAX and p21 (Fig. 9F) . Interestingly, we have previously reported that DCA-induced apoptosis of primary rat hepatocytes is associated with cyclin D1-dependent Bax translocation, through p53-dependent mechanisms (7) . Curiously, cyclin D1 is an miR-34a target (10) , and in fact, modulation of cyclin D1 by DCA appears to be miR-34a independent (Fig. 10A) . Still, cyclin D1 is also a downstream target of the JNK pathway in the liver (48) . In particular, our results show that JNK1 modulates activation of cyclin D1 by DCA (Fig. 10B, top and bottom) , reinforcing the critical role of this kinase for the global apoptotic mechanisms induced by DCA in liver cells. Therefore, we next investigated to what extent modulation of the miR-34a/SIRT1 proapoptotic pathway by DCA was dependent on JNK. Our results showed that DCA-induced miR34a expression, as seen in cells transfected with an miR-34a promoter Luc construct (Fig. 11A) and by real-time RT-PCR (Fig.  11B) , was also inhibited by JNK1 silencing (P Ͻ 0.05). In addition, the loss of SIRT1 (Fig. 11C ) and cell viability (Fig. 11D) induced by DCA was almost completely restored when JNK1, but not JNK2, was silenced (P Ͻ 0.05). Altogether, these results suggest that activation of JNK1 by DCA is responsible for engaging p53-dependent apoptotic pathways, particularly the miR-34a signaling pathway.
To better clarify the mechanisms by which DCA-induced JNK activation was promoting p53/miR-34a-dependent apoptosis, we (anti-miR control) and treated with 100 M DCA or no addition (control) for 40 h as described in Materials and Methods. Cells were cotransfected with a reporter vector consisting of a luciferase cDNA fused to the cyclin D1 promoter containing the p53 binding site. The cytomegalovirus-renilla luciferase vector served as an internal standard control. (B) Cells were transfected with specific short interference RNA (siRNA) nucleotides designed to knock down jnk1 (si-JNK1) or jnk2 (si-JNK2) gene expression and a control siRNA containing a scrambled sequence and treated with 100 M DCA or no addition (control) for 24 h as described in Materials and Methods. Immunoblotting of cyclin D1 (top). A representative immunoblot is shown. Blots were normalized to endogenous ␤-actin. In parallel, cells were cotransfected with the binding domain of the JNK-interacting protein 1 (JIP-1) plasmid [pCMV-Flag-JBD (JIP-1)] and the luciferase cDNA fused to the cyclin D1 promoter construct and treated with 100 M DCA or no addition (control) for 24 h as described in Materials and Methods (bottom). Results were normalized for the cytomegalovirus-renilla luciferase activity. Results are expressed as mean (Ϯstandard error of the mean) fold change from at least 3 different experiments. §, P Ͻ 0.05, from control; †, P Ͻ 0.05, from DCA alone. additionally used two dominant interfering forms of the JNK signaling pathway, pCMV-Flag-JBD (JIP-1) (26) and DN-c-Jun Flag⌬169 (27) . The binding domain fragment of scaffolding protein JIP-1 has been shown to bind JNK1/2, leading to its cytoplasmic retention and inhibition of JNK-regulated gene expression. As for DN-c-Jun Flag⌬169, it lacks the c-Jun transactivation domain. When overexpressed, DN-c-Jun Flag⌬169 competes with endogenous c-Jun for binding to DNA regulatory elements, thus inhibiting c-Jun-dependent transcription. As expected, cells transfected with constructs encoding either pCMV-Flag-JBD (JIP-1) or DN-c-Jun Flag⌬169, in the presence or absence of DCA, had no effects on JNK levels (data not shown). However, pCMVFlag-JBD (JIP-1) was able to inhibit DCA-induced p53 activation and miR-34a expression (P Ͻ 0.05) (Fig. 12A and B, respectively) , as well as caspase-3 activation and cell death (P Ͻ 0.05) (Fig. 12C  and D, respectively) . Interestingly, DN-c-Jun Flag⌬169 was as effective as pCMV-Flag-JBD (JIP-1) in inhibiting DCA-induced p53/miR-34a-dependent signaling and apoptosis. Therefore, these results further suggest that c-Jun also plays a key role in mediating DCA-induced p53/miR-34a/SIRT1, leading to increased cellular caspase activation and apoptosis.
c-Jun is a critical target of JNK in mediating activation of the p53/miR-34a/SIRT1 pathway and apoptosis by DCA. c-Jun represents one of the main targets of JNK. Interestingly, the apparent opposite or, rather, differential effects of JNK1 and JNK2 on cell death and proliferation have been proposed to be the consequence of opposite actions on c-Jun (49) . While JNK2 appears to bind to c-Jun and target it for degradation, JNK1 appears to be more effective in activating and stabilizing c-Jun (50) . In addition, p53 can be activated by JNK via c-Jun (51). Primary rat hepatocytes were transfected with a c-Jun siRNA, in the presence or absence of DCA. Silencing suppressed c-Jun protein expression levels by 75% (P Ͻ 0.05), compared with control cells transfected with a negative-control siRNA (Fig. 13A) . Furthermore, DCA-induced c-Jun was completely abolished in cells transfected with c-Jun siRNA. Importantly, DCA-induced miR-34a (Fig. 13B ) and p53 acetylation (Fig. 13C) , as well as SIRT1 inhibition (Fig. 13D) , were completely abolished in the absence of c-Jun (at least P Ͻ 0.05). Finally, DCA-reduced cell viability was also rescued after c-Jun inhibition (P Ͻ 0.05) (Fig. 13E) . These results corroborate our previous findings using the DN-c-Jun Flag⌬169 dominant negative, further establishing c-Jun as a critical target for JNK1 during DCA-induced activation of the p53/miR-34a/SIRT1 pathway and apoptosis in primary rat hepatocytes.
The JNK1/p53/miR-34a/SIRT1 pathway is activated by DCA in the rat liver in vivo, correlating with induction of apoptosis. To clearly establish the physiological relevance of the JNK1/p53/miR34a/SIRT1 pathway in mediating apoptosis by DCA, rats were administered this bile acid. Total plasma bile acid levels increased Ͼ2-fold in DCA-treated animals (P Ͻ 0.01), while DCA increased ϳ15-fold (P Ͻ 0.01). This correlates with previous data showing that DCA plasma levels in rats, under physiological conditions, are low (ϳ5 M) (38) but can strikingly increase severalfold in the context of different liver diseases (15, 52) . Our results show that liver miR-34a expression was increased by Ͼ2.5-fold in the group administered DCA (P Ͻ 0.01) (Fig. 14A ). In accordance with our in vitro results, DCA-treated animals do not present statistically significant changes in other miRNAs, such as miR-122, miR-143, miR-145, miR-195, and miR-200a (Fig. 15) . Consistent with downstream modulation of the pathway, SIRT1 protein expression levels decreased by almost 50% (P Ͻ 0.05) while, inversely, acetylated p53 levels increased ϳ80% (P Ͻ 0.05) (Fig. 14B) . Of note, SIRT1 mRNA expression levels did not differ between DCA and control groups (data not shown). We next evaluated whether changes in the JNK pathway recapitulated those observed in vitro. In fact, JNK1 expression levels were found increased by 50% in the DCA group, compared with controls (P Ͻ 0.05) (Fig. 14C) . No significant changes were observed between the two animal groups at the JNK2 level, although protein expression was slightly decreased in the DCA group. More importantly, c-Jun expression levels were induced by ϳ50% in the DCA group (P Ͻ 0.05), further reinforcing the role of this transcription factor in downstream JNK1 activation. Finally, apoptosis was evaluated by caspase-3 activation and the number of TUNEL-positive cells. Active caspase-3 was increased by 40% in the liver of DCA-treated animals, as determined in total protein extracts (Fig. 14D, left) and by immunohistochemistry (Fig. 14D , right) (P Ͻ 0.05 for both). As expected, in agreement with our previous findings (53) , the number of TUNEL-positive cells was significantly increased in the liver of DCA-treated animals (P Ͻ 0.01) (Fig. 14E) . These results strongly suggest that the JNK1/p53/miR-34a/SIRT1 pathway constitutes a mechanistic circuit activated by DCA in vivo, contributing to induction of apoptosis.
DISCUSSION
Bile acids are essential to facilitate the digestion and absorption of fat. Despite the physiological properties, excessive accumulation of bile acids is associated with cytotoxic effects. In fact, previous studies have argued that conjugated bile acids, including DCA, may induce apoptosis in hepatocytes upon activation of death receptors (2) . In addition, DCA induces apoptosis by impairing mitochondrial function and leading to cytochrome c release into the cytosol (12) . Both JNK and p53 may also represent important mediators of DCA-induced cytotoxicity (7, 43) . However, the exact network of pathways involved in DCA-induced hepatocyte apoptosis remains poorly known. In particular, no studies have yet explored miRNA expression changes and function during cell death by cytotoxic bile acids. In this study, we investigated whether DCA modulates the miR-34a/SIRT1/p53 proapoptotic pathway in primary rat hepatocytes and in the rat liver in vivo and whether JNK1 may link this pathway to already-described mechanistic actions of DCA. Our results show that by activating p53, DCA induces miR-34a transcription and inhibition of SIRT1, which translates into increased caspase activation and apoptosis of primary rat hepatocytes. Importantly, JNK1 and c-Jun act as crucial targets of DCA in mediating p53/miR-34a activation and downstream apoptosis.
miR-34a-dependent apoptosis has already been shown to occur through both p53-dependent and -independent mechanisms (54) . In addition, miR-34a inhibits translation of SIRT1, a NADdependent deacetylase, with antiapoptotic properties (9) . Our results show that DCA induces miR-34a expression, abrogates SIRT1 expression, and increases p53 acetylation in primary rat hepatocytes, providing a new mechanistic link for its proapoptotic properties. Of note, because several other miRNAs are not affected by low doses of DCA, both in vitro and in vivo, it appears that global miRNA biogenesis and processing are not greatly affected by this bile acid. Still, the exact mechanisms responsible for the differential modulation of miRNAs by DCA remain incomplete.
Interestingly, the effect of DCA on the miR-34a-dependent pathway appears to be both dose and time dependent, as DCA-induced miR-34a and downstream targets are significant only for concentrations higher than 50 M DCA and start to attenuate after 52 h of incubation. This is consistent with the intrinsic nature of miRNAmediated regulation and with the fact that bile acids, including DCA, sustain apoptosis in primary hepatocytes within a relatively short time (55) . In fact, after 64 h of incubation, DCA-induced cell death was predominantly necrotic in nature. Finally, activation of miR-34a during apoptosis of primary hepatocytes by DCA appears to be an early event, as inhibition of miR-34a also impairs the ability of DCA to induce membrane depolarization and ROS production. As we have recently shown, miR-34a overexpression leads to cell death and apoptosis in primary rat hepatocytes (14) . In this study, we unequivocally characterized not only miR-34a but also its target SIRT1 as a determinant player during DCA-induced apoptosis in primary rat hepatocytes. In fact, the functional role and significance of the p53/ miR-34a axis have been expanding in these last years, not only in apoptosis (56) but in cancer as well (57) (58) (59) .
In addition, we have also previously shown that p53-induced apoptosis involves impairment of MDM2-dependent shuttling of p53 to the cytoplasm in hepatocytes (60) . This results in higher levels of nuclear p53 capable of transactivating target genes, which could include miR-34a. Moreover, p53 acetylation, which usually occurs in response to DNA damage and genotoxic stress and which we show to also occur in hepatocytes in response to DCA, is indispensable for p53 transcriptional activity. Upon p53 acetylation, the p53-MDM2 interaction is disrupted and p53 is able to transcribe genes involved in apoptosis (61) . Our results show that DCA increases p53 expression, transactivity, and DNA binding activities, in parallel with p53 acetylation, in a positive-feedback loop contributing to augmented p53 activation. More importantly, it appears that by doing so, DCA is engaging miR-34a-dependent apoptotic signaling. In fact, this may explain why DCA is more capable of inducing miR-34a expression when miR-34a itself is overexpressed, compared with DCA alone. As for the mechanisms by which DCA induces p53 expression and transactivity, our results show that they are largely dependent on JNK. In fact, JNK has been previously shown to be able to activate p53 (44, 51) , and our results demonstrate that treatment of primary rat hepatocytes with DCA significantly induces JNK phosphorylation. Interestingly, in the absence of DCA, JNK phosphorylation, activation of the miR-34a/SIRT1/p53 pathway, and cell death all increased in primary hepatocytes cultured from 52 to 64 h. This is consistent with the notion that hepatocytes start to dedifferentiate upon isolation and culture. After several days in culture, oxidative stress-induced apoptosis becomes a major event (62) . Under these conditions, extramitochondrial glutathione depletion may lead to a sustained activation of JNK, which is then capable of activating the p53/miR-34a proapoptotic pathway.
JNK has three isoforms: JNK1, -2, and -3. While JNK1 and JNK2 are extensively expressed in mammalian tissues, including hepatocytes, expression of JNK3 is restricted to the brain and testis (63) . Each isoform has overlapping or distinct roles in liver pathophysiology. In particular, studies using primary mouse hepatocytes have suggested that DCA-induced JNK1 signaling is mostly cytotoxic, while DCA-induced JNK2 plays more of a protective role against apoptosis (43) . In fact, our results showed that JNK1 silencing abrogated DCA-induced p53/miR-34a expression and activation, thereby diminishing apoptosis. In contrast, JNK2 silencing did not significantly repress the DCA-induced p53/SIRT1/ miR-34a proapoptotic pathway, despite a tendency to inhibit miR-34a expression in cells incubated with DCA, or DCA inhibition of the p53/MDM2 complex formation. Curiously, under specific settings, JNK2 may activate apoptotic players in the liver (64) . Therefore, it is possible that JNK2 plays a redundant role in activating p53/miR-34a, but only when in the presence of an apoptotic stimulus; while its silencing alone results in a very slight inhibition of p53/miR-34a/SIRT1-associated apoptosis, it no longer does so in cells incubated with DCA. From a mechanistic point of view, the differential activation of JNK1 versus JNK2 by DCA remains unknown. Some possibilities exist; in JNK2 but not JNK1, a rigid ␤-strand conformation exists in its activation loop, rendering this protein much less activated by MEKK1 and MKK4 signals (65) . Therefore, DCA could be more selectively activating JNK1 through MEKK1 and MKK4. Of note, JNK1 may also be activated through stimulation of specific upstream kinases, perturbation of the protein ubiquitination cascade, and inactivation of the dualspecific JNK1 phosphatases (66) , where DCA could be playing a role. Studies looking in more detail at the greater selectivity of DCA for JNK1 are warranted.
Nevertheless, our findings suggest that DCA-induced JNK1 activation is a critical apoptotic mechanism of DCA, upstream of p53 and miR-34a activation and SIRT1 inhibition. In addition, JNK1, but not JNK2, phosphorylates c-Jun, a critical member of the activator protein 1 transcription factor complex, which can then induce expression of several death mediators (67) . In fact, c-Jun appeared to be the next immediate target transducing JNK1 effects, as cells transfected with the DN-c-Jun Flag⌬169 plasmid showed an almost complete abrogation of DCA-induced p53/ miR-34a apoptotic signaling. c-Jun itself plays a critical role during apoptosis (68) , and studies in genetically modified mice have indicated that the effects of JNK activation can be recapitulated by c-Jun activation (66) . Our results show that c-Jun represents a critical target of JNK1 during DCA activation of the p53/miR-34a/ SIRT1 pathway and apoptosis. Still, it remains possible that JNK1 regulates miR-34a directly, as a recent study has shown that the miR-34a promoter contains an activator protein 1 site, which appears to be required for maximal transactivation of miR-34a (11, 69) . Nevertheless, and all together, DCA-induced JNK1 phosphorylation appears to induce both p53 expression and activation, converging in a strong and functional engagement of the miR34a-dependent apoptotic pathway in primary rat hepatocytes.
Importantly, our findings also support a role for the JNK1/cJun-mediated activation of the p53/miR-34a/SIRT1 circuit during apoptosis by DCA in vivo, attesting to the physiological relevance of this pathway. Based on these findings, it may be hypothesized that activation of miR-34a-dependent cytotoxicity by DCA may play an important role in liver disease. We have previously shown that patients with steatohepatitis display higher levels of DCA than do control patients (15) . These may arise from a secretory dysfunction associated with hepatic injury in steatohepatitis patients. Whatever the cause, increased bile acids may aggravate injury, thus creating a vicious cycle. Remarkably, in cellular models, free fatty acids activate the JNK1/c-Jun pathway, inducing PUMA transcriptional upregulation with subsequent Bax activation as integral steps promoting saturated free fatty acid-mediated apoptosis (70) . In addition, we have also shown that apoptosis is a prominent feature in patients with alcoholic steatohepatitis and nonalcoholic steatohepatitis (71) . Thus, hepatocytes in steatohepatitis and many other liver diseases exhibit receptor-dependent and -independent forms of cell death, both of which are associated with mitochondrial dysfunction, in the same fashion as DCA-induced apoptosis in hepatocytes. Furthermore, we have recently demonstrated that JNK could be a mechanistic link between insulin resistance and apoptosis during nonalcoholic fatty liver disease progression (46) and that the miR-34a/SIRT1/p53 proapoptotic pathway is increased in more severe stages of nonalcoholic fatty liver disease (14) . In addition, SIRT1 protein is degraded in response to JNK1 activation, thus contributing to hepatic steatosis in obese mice (72) . In the light of this finding, it is possible that DCA-induced SIRT1 degradation is also occurring through JNK1 directly, in parallel with miR-34a-mediated inhibition. Finally, a deficiency of JNK1 but not JNK2 has been shown to improve insulin sensitivity and decrease adiposity in different animal models of obesity (73) . Therefore, the functional relevance of the JNK1/p53/miR-34a/SIRT1 proapoptotic pathway in steatohepatitis in vivo and other liver diseases should be further exploited. Strategies aimed at antagonizing JNK1/p53-or miR-34a-dependent pathways may prove useful in ameliorating pathologies involving bile acid-associated cytotoxicity.
In conclusion, the specific targeting of miR-34a by DCA in primary rat hepatocytes results in decreased SIRT1 expression and increased p53 acetylation and apoptosis. The mechanism by which DCA induces miR-34a expression appears to occur, at least in part, through JNK1/c-Jun activation that increases p53 expression and transactivity. By adding more pieces to the puzzle, these findings underscore new targets for the development of novel drugs to ameliorate liver diseases, particularly those involving bile acid-, apoptosis-, or inflammation-associated cytotoxicity.
